Abstract: Preliminary evidence suggests aberrant (mostly reduced) thalamocortical (TC) connectivity in autism spectrum disorder (ASD), but despite the crucial role of thalamus in sensorimotor functions and its extensive connectivity with cerebral cortex, relevant evidence remains limited. We performed a comprehensive investigation of region-specific TC connectivity in ASD. Resting-state functional MRI and diffusion tensor imaging (DTI) data were acquired for 60 children and adolescents with ASD (ages 7-17 years) and 45 age, sex, and IQ-matched typically developing (TD) participants. We examined intrinsic functional connectivity (iFC) and anatomical connectivity (probabilistic tractography) with thalamus, using 68 unilateral cerebral cortical regions of interest (ROIs). For frontal and parietal lobes, iFC was atypically reduced in the ASD group for supramodal association cortices, but was increased for cingulate gyri and motor cortex. Temporal iFC was characterized by overconnectivity for auditory cortices, but underconnectivity for amygdalae. Occipital iFC was broadly reduced in the ASD group. DTI indices (such as increased radial diffusion) for regions with group differences in iFC further indicated compromised anatomical connectivity, especially for frontal ROIs, in the ASD group. Our findings highlight the regional specificity of aberrant TC connectivity in ASD. Their overall pattern can be largely accounted for by functional overconnectivity with limbic and sensorimotor regions, but underconnectivity with supramodal association cortices. This could be related to comparatively early maturation of limbic and sensorimotor regions in the context of early overgrowth in ASD, at the expense of TC connectivity with later maturing cortical regions. Hum Brain Mapp 36:4497-4511, 2015.
INTRODUCTION
The thalamus is a complex brain structure through which nearly all sensory information is routed. Hence, it plays an important role in shaping what people see, hear, and feel. Specialized regions within the thalamus can be mapped based on their connectivity with cerebral cortex . Early in development, thalamic afferents play an important role in emerging functional specialization of cortical regions [O'Leary and Nakagawa, 2002] . There is also evidence of maturational changes in thalamocortical (TC) connectivity, with progressive strengthening of the frontal connections with dorsal/anterior subdivisions of the thalamus, but weakening of temporal lobe connectivity with ventral/midline/posterior subdivisions [Fair et al., 2010] . Growing interest in the thalamic roles beyond sensorimotor function has been fostered by evidence suggesting thalamic involvement in cognitive domains ranging from language and attention to executive functions and social motivation [Cabeza and Nyberg, 2000] .
Autism Spectrum Disorder (ASD) is a neurodevelopmental disorder characterized by impairments in social interaction and communication, along with stereotyped and repetitive behaviors [American Psychiatric Association, 2013] . Growing evidence in autism indicates anomalies of early brain growth affecting cortical organization and brain connectivity [Courchesne et al., 2001] . Findings implicating abnormal thalamic development in ASD include reduced thalamic volume [Tamura et al., 2010] , atypical asymmetries in serotonin synthesis [Chugani et al., 1997] , as well as reduced neuronal integrity [Friedman et al., 2003] , perfusion, and glucose metabolism [Haznedar et al., 2006] . Abnormal activation of TC networks involved in language processing [M€ uller et al., 1998 ], reduced thalamic activation during face processing [Kleinhans et al., 2008] , and increased functional connectivity between thalamus and fronto-parietal cortices in ASD have additionally been reported [Mizuno et al., 2006] . Anatomical abnormalities of thalamic white matter tracts have also been reported in ASD, such as white matter compromise in the dentato-rubro-thalamic pathway [Jeong et al., 2012] , possibly related to motor and communicative deficits, and in the anterior thalamic radiations [Cheon et al., 2011] .
In a prior study , known TC patterns of functional and structural connectivity were replicated for typically developing children, whereas children with ASD showed reduced thalamic connectivity for prefrontal cortex and combined parieto-occipital lobes, contrasted by partial overconnectivity for the temporal lobe. However, as this study used only a few very large regions of interest, it provided little specific information about thalamic connectivity with specialized cortical regions and of the links between such specialized connectivity and behavioral impairments and symptomatology in ASD. The current study provides such a comprehensive investigation into the specificity of aberrant TC connectivity in ASD, using functional connectivity (resting state iFC) for a total of 68 cerebral cortical seeds as well as anatomical connectivity measures (DTI) for selected ROIs.
METHODS

Participants
One hundred and five children participated in the study, including 60 children with ASD (eight female) and 45 typically developing (TD) children (ten female). For the iFC analyses, 23 ASD and 7 TD participants were excluded because of excessive head motion (as defined below), resulting in a final sample of 37 ASD and 38 TD children. These included 19 ASD and 21 TD participants from our prior study and 12 ASD and 22 TD participants shared in the ABIDE consortium [Di Martino et al., 2014b] . For DTI analyses, 26 participants with ASD and 12 TD participants were excluded because of missing field-maps (8 ASD, 2 TD) or failed quality assessment (e.g. motion artifact; 18 ASD, 10 TD). The final DTI sample included 34 participants with ASD and 33 TD participants. The sample with combined usable data in both modalities consisted of 27 ASD and 30 TD participants. For all analyses, groups were matched for age, handedness, verbal IQ, and nonverbal IQ (Table I) . Clinical diagnoses were confirmed using the Autism Diagnostic Interview -Revised [Rutter et al., 2003b] , the Autism Diagnostic Observation Schedule [Lord, 1999] , and expert clinical judgment according to DSM-IV criteria. Children with ASD-related medical conditions confirmed by genetic testing (e.g., Fragile-X syndrome, tuberous sclerosis) and other neurological conditions (e.g., epilepsy, Tourette's Syndrome) were excluded, based on parent report during intake interview. Participants in the ASD group were not excluded based on commonly occurring comorbidities with ASD such as attention-deficit hyperactivity disorder, anxiety disorder, and obsessive compulsive disorder. Participants in the TD group had not reported personal or family history of ASD, nor other neurological or psychiatric conditions, as confirmed both in telephone screening and during direct formal interview with the parents. Informed 
Data Acquisition
Imaging data were acquired on a GE Discovery 3T MR750 scanner with an 8-channel head coil. Highresolution structural images were acquired with a standard FSPGR T1-weighted sequence (TR: 11.08 ms; TE: 4.3 ms; flip angle: 458; FOV 256 mm; 256 3 256 matrix; 180 slices; 1 mm 3 resolution). Functional T2-weighted images were obtained using a single-shot gradient-recalled, echoplanar pulse sequence. One 6:10 minute resting-state scan was acquired consisting of 185 whole-brain volumes (TR: 2000 ms; TE: 30 ms; 3.4 mm slice thickness; in-plane resolution: 3.4 mm 2 ). Physiological measures of respiration and heart rate were also acquired during the scan using a BIOPAC system. Diffusion weighted images were collected with an echo planar imaging (EPI) pulse sequence with full head coverage and encoded for 61 noncollinear diffusion directions at b 5 1000 s/mm 2 , and one at b 5 0 s/mm 2 (2D EPI; TR 5 8500 ms; TE584.9 ms; flip angle5908; NEX 5 1; FOV 5 24 cm; resolution 5 1.875 3 1.875 3 2 mm 3 ). Field maps were collected for functional and diffusion weighted sequence to correct for field inhomogeneities (TR 5 1,097 ms; TE 5 9.5 ms; flip angle5458; 2 averages).
Neuropsychological data were obtained for both groups using the Wechsler Abbreviated Scale of Intelligence [Wechsler, 1999] , the Developmental Test of Visual-Motor Integration [Beery, 2010] , and the Clinical Evaluation of Language Fundamentals -Fourth Edition [Semel et al., 2003] . For the sociocommunicative domain, additional data beyond ADI-R and ADOS (which were available only for ASD participants) were acquired using the Social Communication Questionnaire [Rutter et al., 2003a] , and the Social Responsiveness Scale [Constantino and Gruber, 2005] . Additionally, parent report versions of the Behavior Rating Inventory of Executive Function [Gioia et al., 2000] , Sensory Profile [Dunn, 1999] , and Repetitive Behavior Scale-Revised [Lam and Aman, 2007] were acquired for most participants.
Cortical and Thalamic Regions of Interest
The Harvard-Oxford cortical and subcortical structural atlases were used to derive seed masks for 34 cerebral cortical areas in each hemisphere (68 total) and the thalamus [Makris et al., 2006] . Analyses were performed separately for each hemisphere, i.e., only ipsilateral TC connectivity was considered. For complete listing of ROIs, see Supporting Information Table I . Thalamic nuclei (as referred to in the Discussion) were identified using the CA_MNI_N27 atlas in Analysis of Functional NeuroImages (AFNI; [Cox, 1996] ).
IFC Data Processing
Functional images were processed using the AFNI [Cox, 1996] and FMRIB Software Library (FSL) suites [Smith et al., 2004] . Functional images were slice-time and head motion corrected registering each functional volume to the middle time point of the scan. Field map correction was applied in each participant using in-house software for correcting magnetic resonance image distortion because of field inhomogeneity. Functional images were registered to the anatomical images via FSL's FLIRT [Jenkinson et al., [Cordes et al., 2001] , fMRI time series were bandpass filtered (.008 < f < .08 Hz), using a A: iFC between frontal, temporal, parietal, and occipital ROIs from the Harvard-Oxford cortical atlas and ipsilateral thalamus. Only ROIs with significant between-group findings are shown. B: Reverse connectivity analysis, using thalamic clusters of overconnectivity with superior temporal gyri (as shown in A) as seeds, indicates regions in and around auditory cortex driving these overconnectivity effects. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
r Nair et al. r r 4500 r second-order Butterworth filter, which was also applied to all nuisance regressors described below. Images were spatially smoothed to a Gaussian full width at half-maximum (FWHM) of 6 mm, using AFNI's 3dBlurToFWHM. Linear effects attributable to scanner drift were removed during regression. To remove signal from cerebral white matter and lateral ventricles, masks were created at the participant level using FSL's FAST automated segmentation. Masks were trimmed to avoid partial-volume effects, and an average time series for each segment was extracted and removed via regression. One derivative each for white matter and ventricular time series was also removed. Physiological measures of heart rate and respiration were further modeled as nuisance regressors (usable data not available for 12 ASD and 11 TD participants). Primary analyses were performed without global signal regression (GSR) to avoid the creation of spurious anticorrelations [Murphy et al., 2009 ] which may substantially distort group difference [Gotts et al., 2013; Saad et al., 2012] . However, given the continuing debate on the virtues of GSR [Power et al., 2014] , a secondary analysis including this regressor was also performed.
In view of the known impact of head motion on BOLD correlations [Power et al., 2012] several steps beyond conventional motion correction were taken to reduce the effect of motion. Six rigid-body motion parameters estimated from motion correction and one derivative for each parameter were modeled as nuisance variables and removed with regression from all analyses. Additionally, motion for each time point, defined as root mean square of the sum displacement of all six translational and rotational axes (RMSD), was determined for each participant and used as a covariate in all group-level analyses. No significant group differences were found for RMSD, t(73)50.09, p 50.92. For any instance of RMSD > 0.5 mm, considered excessive motion, the time point as well as the preceding and following time points were censored, or "scrubbed". If two censored time points occurred within ten time points of each other, all time points between them were censored. Only participants with 80% (144) time points remaining were included. In total, 342 time points were censored within the ASD group and 370 time points within the TD group. There was no significant group difference for number of time points that remained after censoring (ASD: M 5 170.18, SD 5 9.99; TD: M 5 171.89, SD 5 7.23; t(73)50.21, p 5 0.77). No significant group differences in RMSD after censoring were found, t(73)50.02, p 5 0.97. Additionally, a two-way analysis of variance (ANOVA) tested the effects of group and type of motion (three translational and three rotational), as well as their interaction. The main effect of group was not significant, F(1,438) 5 0.05, p 5 0.81 nor was the interaction of group and motion type significant, F(5,438) 5 0.76, p 5 0.63. This suggests that group differences in iFC were unlikely to be driven by motion or related to differences in type of motion.
Partial correlation analyses were undertaken to accentuate the specificity of TC connections. The average BOLD time course was extracted from each cortical ROI. Partial correlations were then computed between each cortical seed and each voxel within ipsilateral thalamus, eliminating the shared variance by partialling out the averaged time series from entire cerebral cortex except the given ROI [Zhang et al., 2008] . These partial correlation coefficients were then converted to a normal distribution using Fisher's r-to-z transform. To test for correlations between ROIs and ipsilateral thalamus within each group, we performed one-sample, two-tailed t-tests (p < 0.05) on these Fisher r-to-z transformed values. For direct group comparisons, we performed two-sample, two-tailed t-tests (assuming unequal variance; p < 0.05). Statistical maps were adjusted for multiple comparisons (c. 685 voxels within ipsilateral thalamus), using Monte Carlo simulation [Forman et al., 1995] , to a corrected p < 0.05. TC connectivities demonstrating significant positive t-values for the contrast ASD-TD were considered to be "overconnected", those with significant negative t-values "underconnected". For each cortical seed with significant group differences, the mean z' was obtained from the cluster of between-group effects in ipsilateral thalamus in each participant, which was then entered into Pearson correlation analyses with scores obtained from diagnostic and neuropsychological measures.
Diffusion Imaging: Probabilistic Tractography
Diffusion weighted data were preprocessed using the FSL Diffusion Toolbox (FDT; [Smith et al., 2004] Preprocessing included field-map correction of field inhomogeneities, removal of skull and non-brain tissue (FSL BET), and eddy current correction (FSL eddy correct). To reduce motion effects on diffusion measures [Yendiki et al., 2013] , we thoroughly assessed all scans for subject motion both through visual inspection for (i) signal dropout (ii) image noise and (iii) shifts of head placement, and through quantification of artifacts, excluding any scans with more than minor motion. Motion quantification was performed as recommended by Yendiki et al. [2013] : Mean image translation and rotation applied during eddy correction were recorded as were the severity and frequency of signal drop-outs across all slices. These four quantities were combined into a total motion index (TMI) and this measure was used as a covariate in all analyses. The diffusion tensor was calculated at each voxel and maps of axial and radial diffusivity (AD and RD), mean diffusivity (MD), and fractional anisotropy (FA) were generated. The FA map was registered to MNI standard space using nonlinear registration (FSL FNIRT) and the FMRIB58 FA template. Transformation matrices were saved to facilitate fiber tracking in native space.
Fiber tracking was performed using the probabilistic tractography algorithms in FSL. The probability A: Correlation matrix for ROIs with significant iFC group differences. White squares indicate correlations r > 0.39 or r <20.39 (p < 0.05; FDR corrected). Font color indicates ROIs that were underconnected (blue labels) or overconnected (red labels) with thalamus in the ASD group (abbreviations as in main text). Dashed black line highlights the upper right quadrant of specific interest that shows correlations between underconnected and overconnected ROIs in the ASD group. For example, negative correlation (r 520.63) for LMFG-RPCG in the ASD group shows that low iFC with thalamus for LMFG was associated with high iFC for RPCG, indicating possible linkage between the two findings. B-E: Scatterplots for ROI pairs with significant between-group slope differences, illustrating significant inverse correlations in the ASD group between underconnected and overconnected ROI pairs. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] distribution of principal diffusion direction was calculated at each voxel in the brain. Multiple streamlines were generated from each voxel in the seed region (thalamus ipsilateral to cortical ROI) using repetitive sampling from the probability distribution, and the resulting output was limited to streamlines reaching the designated target regions (cortical areas). Due to the CPU-intensive nature of probabilistic tractography, the target regions for these analyses were restricted to ROIs with significant group difference in iFC. For each participant, 1000 streamlines were initiated from each seed voxel generating a probability map of the tract location for each target. Voxels found to be above a threshold probability (minimum of 50 streamlines per voxel) formed a binary mask to define the subject-specific location of the tract, and the mean MD, RD, AD, and FA were calculated for each tract. These means were used for between-group comparisons as well as for correlations with scores obtained from neuropsychological and diagnostic measures.
RESULTS
Functional Connectivity
Of the 68 total ROIs, TC-iFC was found to be reduced for 15 and increased for 9 ROIs. While TC underconnectivity effects in the ASD group predominated for frontal, parietal, and occipital ROIs, effects for temporal ROIs were mixed. For fronto-thalamic iFC, we found underconnectivity in the ASD group for left middle frontal gyrus (LMFG) and superior frontal gyri (LSFG & RSFG) and supplementary motor area (LSMA & RSMA) bilaterally (Fig. 1A) . Conversely, overconnectivity was observed for precentral gyri bilaterally (LPCG & RPCG) and right anterior cingulate cortex (RACC).
Among temporal ROIs, bilateral superior temporal gyri (LSTG & RSTG) and transverse temporal gyri (LTG & RTG) as well as right parahippocampal gyrus (RPHG) were overconnected with thalamus in the ASD group. Conversely, TC underconnectivity was seen in bilateral amygdala (Lamyg & Ramyg), right fusiform gyrus (RFF), and left temporal pole (Ltempol). Given that the most robust overconnectivity finding was detected for STG, which extends from anterior pole to most posterior temporal regions, we conducted a reverse iFC analysis. Within thalamus (left and right separately), clusters of significance from partial correlation analysis for superior temporal ROIs were used as seed for iFC analyses with unilateral temporal lobes. Thalamic overconnectivity was found mainly in posterior sections of Brodmann area 22 in the vicinity of primary auditory cortex (Fig. 1B) .
For parietal lobe, underconnectivity with thalamus was observed for superior parietal lobule (LSPL & RSPL) and supramarginal gyri (LSMG & RSMG), whereas right posterior cingulate gyrus (RPCC) showed increased iFC. For occipito-thalamic iFC, underconnectivity effects were observed for left supracalcarine gyrus (Lcalc) and right occipital pole (Roccpol) (Fig. 1A) .
We created a Pearson's correlation matrix including only ROIs with significant iFC group differences to test for possible links between region-specific overconnectivity and underconnectivity findings (Fig. 2A) . ROIs were sorted according to between-group effects (underconnectivity [indicated by blue font] vs. overconnectivity [red font]). The question of interest was whether thalamic overconnectivity in the ASD group for some ROIs may have come at the expense of ROIs with reduced thalamic iFC; i.e., whether mean z' for one ROI was negatively correlated with mean z' for the other. This question could be answered by focus on one quadrant of the matrix (outlined by dashed black line at top right of Fig. 2A ), which shows mean z' correlations between underconnected and overconnected ROIs in the ASD group. For every ROI pair (outlined with white box) within this quadrant that showed significant negative correlations, the correlation coefficients were converted to a normal distribution using Fisher's r-toz transform. Two-sample, two-tailed t-tests (assuming unequal variance; p < 0.05) were performed to determine significant group differences in any of the z-transformed values for these ROI pairs. Scatterplots (Fig. 2B) were generated for those ROI pairs that showed significant group differences (with the ASD group demonstrating significantly greater negative correlations than the TD group). Namely, these included LMFG pairings with LPCG and RACC, and RPHG pairings with RSMG and Roccpol. For each of these ROI pairs, this indicates that underconnectivity for one was linked to overconnectivity for the other in the ASD (but not the TD) group.
We also ran an analysis combining ROIs with significant iFC between-group differences into two domains: sensorimotor/limbic (SL) higher-cognitive/supramodal (SU). We averaged iFC (z') for all ROIs within each domain in each participant. ROIs in the SL domain included motor (RPCG, LPCG), auditory (RTG, LTG, RSTG, SLTG), visual (Roccpol, Lcalc), and limbic regions (RACC, RPCC, RPHG, Lamyg, Ramyg). ROIs in the SU domain included language (RSMG, LSMG), face processing (RFF), executive control (LMFG, LSFG), and other multimodal cognitive regions (Ltempol, LSPl, RSPL). A two-way analysis of variance (ANOVA) tested the effects of group and domain (SL vs. SU), as well as their interaction. The main effect of group was not significant, F(1,146) 5 0.09, p 5 0.82) nor was the main effect of domain F(1, 146) 5 0.91, p 5 0.51. The interaction of group by domain, however, was significant, F(1,146) 5 3.91, p5.0500. This suggests that there was a significant difference in iFC pattern for the ASD group with overconnectivity for SL regions with thalamus and underconnectivity for SU regions with thalamus, which was not evident for the TD group.
Additionally, the Euclidean distance between each ROI with significant between-group effects and the centroid of ipsilateral thalamus was calculated [Alexander-Bloch Fair et al., 2007] , using the formula:
q wherein x, y, z are the MNI coordinates for the centroid of each ROI. Correlations were run with mean z' scores, covaried for motion and age, averaged across participants within each group. Results showed that functional connectivity indices were negatively correlated with distance in the ASD (r 520.59, p 5 0.002), but not the TD group (r 52.028, p 5 0.19). To further test for group differences, Pearson's correlation coefficients were computed for each participant between individual ROI iFC z' score and corresponding Euclidean distance with thalamus. The correlation coefficients were converted to a normal distribution using Fisher's r-to-z transform. Two-sample, two-tailed t-tests (assuming unequal variance; p < 0.05) were performed to determine group differences. No significant group differences were found for the relation between Euclidean distance and iFC z' scores, t(73) 5 0.61, p 50.55.
We further performed Pearson correlations between iFC z' scores and age, partialling out motion (RMSD). In the TD group, significant negative correlations between age and iFC z' scores were observed for LTG (r 520.33, p 5 0.04) and RTG (r 520.33, p 5 0.05) and RSMA (r 520.52, p < 0.001). In the ASD group, only a single age correlation was observed for Lcalc (r 520.37, p 5 0.03).
Finally, we performed secondary iFC analyses modeling GSR as a nuisance variable, given the continued debate about its merits and demerits [Power et al., 2014] . The overall pattern of findings was highly similar to those without GSR (Supporting Information Fig. 1 ). This similarity can be, in part, attributed to the fact that in analyses without GSR, signal fluctuations in the entire cerebral cortex (except the ROI under analysis) were also partialled out.
Anatomical Connectivity
Due to the computationally demanding nature of probabilistic tractography, the target regions for anatomical connectivity analyses were restricted to the 24 ROIs with significant group difference in iFC (as shown in Fig. 1A ). Between group t-tests of average DTI indices (FA, MD, RD, AD; Table II) for each tract showed significantly decreased FA (an index often considered to reflect 'tract integrity') in the ASD group compared to the TD group for tracts connecting right thalamus with RACC and RSMA. Significant increases in the ASD group were observed for MD in tracts connecting thalamus with SFG and SMA bilaterally and with LPCG, Ltempol, and RSPL; and for RD in those connecting with PCG and SMA bilaterally, as well as RSMA, RACC, RSFG, Ltempol, and RSPL (both MD and RD are often described as negative indices of 'tract integrity'). Finally, significantly increased AD in the ASD group was observed for tracts connecting thalamus with LSFG, RSFG, and RSPL. No significant group differences in DTI findings were observed for occipital ROIs.
An additional DTI group analysis was undertaken in a sample of 26 ASD and 30 TD participants with matched TMI (P 5 0.73). Participants (8 ASD and 3 TD) with more extreme TMI values were eliminated to draw the group averages (ASD: M 520.31, range 521.52 to 23.48, SD 5 0.91; TD: M 520.13, range 522.01 to 22.62, SD 5 1.05) closer together. These DTI results were highly similar to those discussed above (Supporting Information  Table II) . Therefore, to retain greater power effects, the initial sample of 34 ASD and 33 TD participants was retained for all subsequent DTI analysis.
We again performed Pearson correlation analyses (partialling out motion) between Euclidean distance (from each ROI with significant group difference to the centroid of the ipsilateral thalamus) and mean FA, MD, RD, and AD, each averaged across participants within each group. MD, RD, and AD were all negatively correlated with distance in both groups (all p < 0.01). We also tested for correlations between DTI indices and iFC z' scores for each region to explore the relationship between anatomical and functional measures, using false discovery rate (FDR) correction for multiple comparisons at p < 0.05 [Benjamini et al., 2001] , which is preferable in neuroimaging to the overly For all ROIs listed, TC-iFC underconnectivity was also found, except those marked "a," for which iFC overconnectivity was detected. 
Diagnostic and Neuropsychological Correlates
To explore how functional and anatomical connectivity results related to diagnostic and neuropsychological scores, we performed a series of Pearson correlation analyses for the ASD group, partialling out age and head motion (RMSD for iFC and TMI for DTI). All results were then FDR-corrected for multiple comparisons. Among iFC measures, we found positive correlations for ADOS and ADI-R with right cingulate ROIs (reflecting increased symptom severity with greater iFC), but inverse effects for right superior frontal and superior parietal ROIs. Robust positive correlations were detected between iFC z' scores from RFF with CELF-4 Total Score, indicating improved language skills with greater connectivity between thalamus and RFF. Robust negative correlations were also detected between iFC z' scores for RFF and planning/organizing, working memory, metacognition, and global executive composite of the BRIEF (Table III) , indicating greater executive abilities associated with increased iFC. To minimize multiple comparisons testing for links between DTI indices and diagnostic and neuropsychological measures, we only tested correlations of FA (the most commonly used DTI measure) and RD (the index yielding most robust between-group effects; Table II) for ROIs with significant group differences in the ASD group. Results showed negative correlations of FA in right frontal TC tracts with SRS and BRIEF, indicating associations between reduced FA and greater impairment with respect to social interaction and executive functions. For SP, we found positive correlations with FA in right frontal tracts, indicating links between sensory behaviors and TC tract structure (Table IV) . Additionally, we found positive correlations between RD in both right and left frontal tracts and SRS and BRIEF, further indicating impairment with respect to social interaction and executive functions. These correlations were in the direction of impairment for the ASD group. Therefore, more severe social and executive function scores were associated with compromised anatomical connectivity. Additionally, we also found positive correlations between ADI-R social scores and RD for superior frontal and superior parietal tracts, suggesting increased symptom severity with higher diffusivity (Table V) .
DISCUSSION
Our findings indicate that atypical patterns of TC connectivity in ASD differ greatly from region to region, with findings of both under-and overconnectivity for each lobe (except the occipital). This expands upon and partly modifies results from an earlier study reporting predominantly reduced thalamocortical connectivity (except for the temporal lobe) in ASD. Aside from a larger sample size and stricter protection from motion confounds in the present study, the greater specificity of findings can be attributed to the use of a much larger set of smaller cortical ROIs with narrower functional specialization.
General Patterns of Atypical Thalamic Connectivity in ASD
While atypical TC connectivity in ASD was highly region-specific, some general principles emerged. Overconnectivity was mostly found for limbic (cingulate, parahippocampal) and sensorimotor regions (auditory, motor), although there were exceptions (underconnectivity for amygdala and occipital ROIs). Conversely, regions involved in multimodal and social cognition, such as executive functions, face processing, and language, were underconnected with thalamus. This pattern partly resembles findings from a large-sample multisite study [Di Martino et al., 2014a] , which reported overconnectivity in children and adults with ASD between sensorimotor cortices and subcortical regions (including thalamus). However, this study did not detect predominant TC underconnectivity for multimodal regions, as observed in the present investigation.
Frontal Connectivity
For the frontal lobe, the overall pattern of findings showed reduced TC-iFC for higher-order control regions, mixed effects for motor regions, and overconnectivity for a limbic ROI. First, we found predominantly reduced TCiFC for dorsolateral prefrontal regions, known for their roles in executive control, working memory, and attention [Haxby et al., 2000] . Reduced iFC within executive control networks has been reported in ASD [Kana et al., 2007] , [Agam et al., 2010] . Second, for motor-related frontal regions, findings were mixed. On the one hand, TC-iFC for the supplementary motor area-important for higher-order initiation and planning of internally guided movements [Nachev et al., 2008] -was reduced bilaterally. Conversely, primary motor cortex, crucial for voluntary motor execution, showed TC overconnectivity. For precentral gyri, overconnected clusters fell within the anterior and medial dorsal nuclei -thalamic subdivisions typically connected with prefrontal cortex [Jones, 2007] . There was an inverse correlation of TC-iFC between left middle frontal gyrus and bilateral primary motor cortex, highlighting the possibility of a 'functional invasion' by overconnected motor cortex into thalamic territory typically connected to prefrontal cortex. This pattern may relate to earlier fMRI findings of motorrelated activation expanding into prefrontal association areas in adults with ASD [M€ uller et al., 2003] . Third, overconnectivity was detected for a limbic ROI, right ACC, with a cluster extending from anterior and medial thalamic nuclei, typically connected to prefrontal regions, into right ventral posterolateral nucleus, which typically has somatosensory function [Jones, 2007] . For many of the frontal regions with atypical TC-iFC (primary motor cortex, supplementary motor area, superior frontal and cingulate gyri), DTI findings also showed white matter compromise in corresponding frontothalamic tracts, consistent with prior studies [Cheon et al., 2011; Cheung et al., 2009; Shukla et al., 2011] . For right anterior cingulate, anatomical tract compromise was correlated with aberrant iFC. Reduced FA in two frontothalamic tracts (for right ACC and right SMA) was also associated with diagnostic severity and executive impairment in ASD, supporting the behavioral significance of connectivity findings.
Temporal Connectivity
While a previous study had suggested thalamic functional overconnectivity for the entire temporal lobe, the current results showed regional specificity. We found several subregions with increased iFC in the ASD group, including superior temporal gyri and transverse gyri bilaterally, as well as right parahippocampal gyrus -again in support of the predominant pattern of TC-iFC overconnectivity for sensorimotor and limbic regions. The overconnectivity clusters for both superior temporal and transverse gyri spilled into the ventral anterior and medial dorsal nuclei -thalamic subdivisions predominantly connecting with prefrontal cortex in the TD brain [Jones, 2007] . A reverse connectivity analysis pinpointed bilateral hotspots of temporo-thalamic overconnectivity in primary auditory cortex and immediate vicinity. The finding may relate to heightened auditory sensitivity [Matsuzaki et al., 2012] , and atypical language development [Groen et al., 2008] , which are common in ASD. Thalamic iFC of superior temporal and transverse gyri was correlated with autistic mannerisms, and impaired social interaction and planning abilities. TC-iFC of transverse gyri (bilaterally) was also inversely correlated with age in the TD group, whereas in the ASD group both overconnectivity and absence of this age-related effect suggest a lack of typical maturational progression in TC connectivity. The overconnectivity cluster for right parahippocampal gyrus, a region involved in visual encoding and memory [Maguire et al., 1998 ], was mainly seen in right pulvinar, which is typically connected with medial temporal and parieto-occipital cortices [Jones, 2007] and may relate to strengths in nonsocial visual processing in ASD [Samson et al., 2012] .
Conversely, other parts of the temporal lobe, including bilateral amygdala, left temporal pole, and right fusiform gyrus, were underconnected with thalamus. DTI findings also revealed white matter compromise in tracts connecting left temporal pole and thalamus. Both amygdala and fusiform gyrus play a role in face processing [Kanwisher et al., 1999] , and aberrant functioning of these regions is associated with impaired face processing in ASD [Schultz et al., 2003] . Reduced TC-iFC of right fusiform gyrus was associated with poor language skills and executive functions. Although surprising at first glance, this finding may reflect links between social and executive processing, as suggested by a meta-analysis of visual processing studies revealing atypically reduced frontal activity during face processing in ASD [Samson et al., 2012] . Weak fusiformthalamic response to faces may thus be exacerbated by executive deficits in ASD. In contrast, TC-iFC of right transverse and left superior temporal gyri was positively correlated with planning and organization skills. TC overconnectivity of auditory cortex furthermore spilled into typically thalamic-prefrontal networks. Studies have suggested strong connections between dorsolateral prefrontal cortex (DLPFC) and auditory cortex, and involvement of DLPFC in goal-directed auditory tasks [Procyk and Goldman-Rakic, 2006] . Our current findings may indicate atypical DLPFC involvement in auditory processing networks in ASD.
Parietal and Occipital Connectivity
For parietal regions, we found mostly reduced iFC, namely with association cortices in superior parietal lobules and supramarginal gyri bilaterally. Superior parietal lobules play important roles in working memory [Koenigs et al., 2009] and spatial orientation [Karnath, 1997] , while supramarginal gyri are involved in language functions [Stoeckel et al., 2009] and empathy [Silani et al., 2013] . For both regions volumetric abnormalities have been reported in ASD [Ke et al., 2008] . Our DTI findings also showed compromised thalamic white matter tracts for right SPL, and both iFC and white matter indices were correlated with diagnostic severity. In contrast, a limbic r Aberrant Thalamic Connectivity in ASD r r 4507 r region in right posterior cingulate cortex showed functional overconnectivity with thalamus, associated with repetitive behavior symptom severity. PCC is part of the default mode network, which has been found to be underconnected and poorly modulated (via the salience network) in ASD [Assaf et al., 2010] . The overconnectivity clusters for right posterior cingulate cortex fell mostly within the ventral anterior and ventral lateral nuclei -thalamic subdivisions typically connected with prefrontal and motor cortices [Jones, 2007] .
The occipital lobe was the only subdivision with exclusively reduced iFC in the ASD group, presenting the sole exception to the general TC-iFC pattern of sensorimotor overconnectivity in ASD. Among the underconnected thalamic regions were anterior dorsal nuclei, lateral geniculate nucleus and inferior pulvinar, the latter two typically connecting to occipital cortex. Several studies have indicated increased functional participation of visual cortex in ASD associated with socio-communicative deficits [Samson et al., 2012] . Our findings suggest that while the occipital lobe may be hyperconnected with itself [Keown et al., 2013] , it has reduced connectivity with subcortical visual structures. Reduced thalamic iFC for right occipital pole along with right supramarginal gyrus-both involved in visual/visuospatial processing-was linked with overconnectivity for right parahippocampal gyrus, suggesting enhanced mediotemporal TC connectivity at the expense of parieto-occipital connectivity in pulvinar [Jones, 2007] .
Comparison Between iFC and DTI Findings
There was some convergence of functional and anatomical connectivity findings, with functional underconnectivity for several ROIs (SMA, SFG, left temporal pole, right SPL) accompanied by DTI evidence of white matter compromise. Yet, there were also apparent differences. For temporal regions, group differences in TC-iFC were robust for STG and TG, without corresponding DTI findings. Notably though, iFC overconnectivity effects were found to be positively correlated with anatomical indices of mean and radial diffusivity for left STG and TG, often considered signs of myelin compromise. For other (especially frontal) regions, both iFC and DTI analyses yielded evidence of aberrant connectivity. For right ACC and bilateral PCG, iFC overconnectivity was associated with increased RD. Right ACC iFC was associated with reduced FA and was significantly correlated with increased MD and RD, again suggesting a link between functional overconnectivity and apparent white matter compromise.
However, the described findings for temporal and frontal ROIs appear contradictory only at first glance and probably reflect limitations of tensor-based approaches in DTI [Jones et al., 2013] . Generally, the two modalities (iFC, DTI) examine very different parameters of 'connectivity' and may therefore not correspond in simple ways. More specifically, reduced FA and increased RD may reflect presence of multiple fiber orientations [Johnson et al., 2013] . Such DTI findings thus do not necessarily imply reduced or impaired connectivity and may, in fact, be consistent with observed functional overconnectivity.
Proximal vs. Distal TC Connectivity
The idea of reduced long-distance, but increased shortdistance connectivity in ASD has been reiterated in some reviews [Belmonte et al., 2004; Maximo et al., 2014; Wass, 2011] , although direct empirical evidence remains limited. We therefore tested whether Euclidian distance of cortical ROIs from thalamus was related to TC-iFC. A negative correlation was indeed detected in the ASD group, possibly consistent with a hypothesis by Lewis et al. [Lewis et al., 2013] according to which early brain overgrowth in ASD may selectively affect long-distance connectivity due to greater conduction delays. Although such a correlation was absent in the TD group, a direct group comparison of the relation between distance and TC-iFC was not significant. Any interpretation of a potential role of distance therefore requires great caution, especially since our measure of Euclidian distance did not optimally accommodate the convoluted morphology of the brain. Rather than distance per se, the pattern of our findings may reflect maturational timelines, suggesting that in the context of early brain overgrowth in ASD [Courchesne et al., 2001] , TC connectivity for early-maturing sensorimotor and limbic regions may be atypically robust, at the expense of TC connectivity for late-maturing association cortices. These abnormalities are particularly relevant given the importance of TC afferents in the emergence of regional functional specializations in cerebral cortex during early brain development [O'Leary and Nakagawa, 2002] .
Limitations
Our ASD cohort was high-functioning, as only participants able to hold extremely still during MRI scans could be included. Findings may not apply to lower-functioning children. Second, the inclusionary age range was relatively large. Although, this allowed us to test for age-related changes, the cross-sectional nature of our study prevented firm conclusions with respect to maturational changes in TC connectivity between ages 8 and 17 years. Third, our study was more comprehensive for functional connectivity, whereas anatomical analyses (probabilistic tractography) could not be performed for all ROIs due to their computationally demanding nature. Restricting ROIs for these analyses to those with significant iFC group differences, we may have missed some additional group differences in anatomical connectivity. Fourth, atypical thalamocortical connectivity in ASD likely relates to iFC with other subcortical structures (such as basal ganglia) r Nair et al. r r 4508 r and cerebellum [Khan et al., 2015] . The complex circuits linking these could not be examined in the present study. Finally, our neuropsychological battery included only a few auditory items in the Sensory Profile, but no comprehensive measure of auditory processing and sensitivities that might have permitted broader functional characterization of temporo-thalamic iFC findings.
CONCLUSIONS
Our findings provide evidence of regionally specific aberrations of thalamic connectivity in frontal and temporal lobes, with additional involvement of some parietooccipital ROIs. They suggest-albeit with some exceptions-a gross pattern of functional overconnectivity for earlier-maturing limbic and sensorimotor regions, but underconnectivity for later maturing supramodal regions. Correlations with diagnostic and behavioral measures further suggest a role of aberrant thalamocortical connectivity in social interaction, executive difficulties, and repetitive and restricted behaviors in ASD.
